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1. Introduction {#s0005}
===============

The paper presented by [@bb0085] in March based on that time experience assumed that waste management would follow the curves shown in [Fig. 1](#f0005){ref-type="fig"} . This paper has received considerate attention even in online news outlets. Regions, countries and cites worldwide are allocating resources actively to prevent, control or contain COVID-19. However, it should be noted that although facing the same crisis, the situation, measures taken and effectiveness in each region can be attentively diverse. The countries and their governments reacted in various ways and timing to adopt restrictive measures -- from very strict closure to mild suggestions. A typical controversy appeared is the wearing of protective masks, especially at the beginning of the pandemic. In some countries, it is advised only for the citizen who is sick or very vulnerable. The use of masks by ordinary citizens became controversial due to the lack of correct handling and disposal, and the shortage in healthcare facilities ([@bb2005]). It is suggested that masks (e.g. N95) should be reserved for frontline workers, for example, doctors. [Fig. 1](#f0005){ref-type="fig"} shows the prediction that the overall municipal solid waste (MSW) generation would slightly decrease during COVID-19. However, it depends on location, and it can happen that there is a change in composition where some of the waste fractions are increased while the other decreased. For example, it is still early to summarise the overall plastic usage is spike during the pandemic without the support of statistics. A considerable increase in plastic usage has been related to requirements packaging, and single-use items related to the demand for food/goods delivery and take out. Plastics demand for medical purposes has considerably increased. However, especially during the lockdown, the plastic demand of, e.g. transport, construction, leisure etc. dropped in line with the decreased production and usage.Fig. 1The expected trend of medical waste and MSW.Fig. 1Adapted from [@bb0085].

[Fig. 2](#f0010){ref-type="fig"} summarises the impacts of COVID-19 on waste management. These include the change in waste composition, waste amount, disposal frequency and timing (temporal), distribution (spatial) and infection risk. The waste handling precaution and adaption of different countries have been summarised by ([@bb0010]). Dynamic and responsive measures are required to overcome the unprecedented challenges. For example, waste collection and allocation have to be adjusted due to the changes in waste amount and composition. The existing collection system, both frequency and route, could be altered by the waste collection demand at different places and different timing. It is restricted to the existing treatment facilities and capacity, which may or may not ready to adapt to this sudden change. For example, it is reported that the medical waste in China (Hubei Province) increased by 600% from 40 t/d to 240 t/d ([@bb0015]), overwhelming existing medical transport and disposal infrastructure. Based on the list of considerations and recommendation by [@bb0015], medical incinerators, medical autoclaves and sanitary landfills are used to deal with the pandemic waste amount. Mobile incinerators, industrial furnaces and cement kilns could be considered when the existing system is overloaded. It is possible to refer to [@bb0085] for more details on the configuration. [@bb0015] also suggested that the collection frequency of MSW has to be rescheduled to reallocate available assets and workforce for infectious medical waste management. A circular economy, which prioritised refrain, reuse and recycle etc. ([@bb0140]), is one of the waste management approaches, which has been affected by COVID-19. It is a difficult decision whether to avoid or to continue, e.g. recycling, during this crisis. Recycling could expose the worker to the risk of infection. [@bb0145] reported that the coronavirus pandemic has been impacting the US recycling programs since mid-March when widespread stay-at-home orders and other regulations began to transform daily life across the country. The recycling sector faced material volume changes and operational impacts to accommodate safety measures, at times leading programs to suspend services. If recycling should be avoided in this current stage, how long should this emergence measure needs to be in place remains another open question. Is there an optimal solution where recycling can be conducted safely, with precautions, through the understanding of the virus survival on the different materials? The study by [@bb0040], declared that the virus is not detected on the glass and banknote from day 4, stainless steel and plastic from day 7 while it is still detectable on a surgical mask on day 7. However, the identified timing still needs more studies, as it can be influenced by the surrounding condition.Fig. 2Impacts and challenges of COVID-19 on waste management.Fig. 2

In some countries, all municipal waste has been treated as non-recyclable and send for incineration or sanitary landfill during this critical period ([@bb0015]). At this current stage, where the understanding of the COVID-19 is still limited, at most of the time, better safe than sorry has been the chosen approach. However, it is still important to minimise the environmental impacts of waste management, as much as possible, even when the highest preferable options in waste management and circular economy hierarchy cannot be followed. From March 2020 various parts of the world experienced development closely related to a pandemic situation. During the closure and declared state of the emergency, the main focus was to minimise the infection. This had been developed step by step when authorities were gaining the experience and later tried to make relaxations to recover the business and consummation by the population. This study aims to summarise the potential challenges of waste management during and in post-pandemic stages where the situation in Singapore, Shanghai (China) and Brno (the Czech Republic) are particularly assessed. The identified challenges and research gaps in this study could facilitate strategy development and operational research.

2. COVID-19 related waste management in different regions {#s0010}
=========================================================

A comprehensive analysis worldwide would consume considerable time, and the situation is still developing and changing fast. An initial analysis has been attempted for three regions, Singapore (a city-country), Shanghai (the economic centre and megacity in China) and Brno in the Czech Republic (part of the European Union), representing different pandemic development situation and also various cultural attitudes. [Table 1](#t0005){ref-type="table"} shows basic information about the three regions. Based on the to-date record (published on 17 August 2020), the total cases/1 M population in Singapore were 9765, in Shanghai 31 and in Brno 57.Table 1Basic information about the three regions.Table 1Country/cityLocationPopulationConfirmed casesTotal cases/1 M populationSingapore1°17′N, 103°50′E\~5.7 M55,661[a](#tf0005){ref-type="table-fn"}9765Shanghai31°13′43″N, 121°28′29″E\~27 M825[b](#tf0010){ref-type="table-fn"}31Brno49°12′N, 16°37′E\~10.7 M613[c](#tf0015){ref-type="table-fn"}57[^1][^2][^3][^4]

2.1. Singapore, a city-country {#s0015}
------------------------------

This is a specific case of a country substitute by a large city, highly international and base of the world trade. The population has been 5.7 M ([@bb0045]). By 15 August, 55,661 COVID-19 cases are confirmed in Singapore ([@bb0110]). As a highly international country, Singapore was one of the first countries that were attacked by the second-wave disease outbreak at the beginning of April 2020 ([@bb0070]). As much as the data have been available, the waste and namely plastic waste management have been developing as follows.

Before the pandemic, statistical data have shown that the overall recycling rate was about 60% (in the recent two years in [Fig. 3](#f0015){ref-type="fig"}a, including construction waste), and the plastic recycling rate is just 4% in the same period ([Fig. 3](#f0015){ref-type="fig"}b). Although the overall trend of plastic waste amount has been increasing, the plastic recycling rate keeps a descending trend (i.e. 11% in 2013 to 4% in 2019). Such a low recycling rate is attributed to the complicated nature of plastic waste mixtures and the presence of impurities, which makes mechanical recycling in Singapore inefficient ([@bb0080]). Although the recycling rate is quite low for plastic, the total disposal rate of plastic waste is over 96% in 2019 ([@bb0120]). Singapore has developed mature energy recovery systems. Most of the plastic waste was transferred by incineration to promote the waste-to-energy programme. Under a zero-waste masterplan, the government aims to elevate the non-domestic recycling rate from 74% in 2018 to 81% by 2030 and elevate the domestic recycling rate from 22% in 2018 to 30% by 2030 ([@bb0055]). The zero-waste masterplan offers steps on how to achieve a target of \~30% waste reduction by 2030 to extend the lifespan of Semakau Landfill to 2035 ([@bb0170]). The turning trend of MSW generation in [Fig. 3](#f0015){ref-type="fig"}a does offer confidence for achieving the waste reduction objective.Fig. 3Waste generation and its recycling rate from 2003 to 2019 in Singapore. (a) Total solid waste and overall recycling rate; (b) total plastic waste and plastic recycling rate.Fig. 3Data from [@bb0120].

The disease pandemic brought challenges for waste management in Singapore as well. Compared with March 2020, the average daily waste amount collected increased by 3% in the circuit breaker period from 7 April to 1 June 2020 ([@bb0100]). According to the estimation based on an online survey on 1110 respondents, Singapore households produced extra 1334 t of plastic waste (e.g. disposable forks, containers and spoons) in the circuit breaker period ([@bb0100]). The meal delivery was estimated to have an increase of 73% during the eight weeks ([@bb0100]). Collectively, the low recycling rate of plastic waste in recent years and the surge of plastic waste during disease pandemic make sustainable waste management difficult to maintain. The elevation of the total waste amount in Singapore during COVID-19 outbreak has been hindering the zero-waste masterplan and circular economy. To cope with the challenge in sustainable waste management during disease pandemic, the National Environment Agency (NEA) of Singapore designed tripartite advisory and recommendations for COVID-19 waste management. Details of the tripartite advisory are referred to [@bb0125].

2.2. Shanghai, a megacity in China {#s0020}
----------------------------------

Shanghai is a huge business and residential centre in China, with a population just above 27 M inhabitants ([@bb0175]). By 15 August 2020, there were 825 confirmed cases, including 379 imported cases, reported in Shanghai ([@bb0165]). This reflects a surprising prevention and control effect for such a megacity. It was noted that, on 9 May 2020, Shanghai returned the response level of major public health emergencies from the second level (tough) to the third level (slight). Shanghai government made great effects in improving sustainable waste management. With rapid population growth, the annual solid waste generation in Shanghai was increased by over six times from 1978 to 2010 ([@bb0065]). Since 2011, Shanghai started to put waste segregation into government core projects ([@bb0180]). To enhance waste segregation and recycling, a new waste dumping mode with both policy and incentive interactions, as reported by [@bb0075], was developed in Shanghai in 2018 and 2019. Associated with the new mode, the WeChat social media was employed to enhance household waste management in Shanghai ([@bb2020]). By mid-June 2020, the statistical data ([@bb0180]) of the four category waste is updated ([Fig. 4](#f0020){ref-type="fig"} ) as follows: the collected amount of recyclables in the Great Shanghai area was 6813.7 t/d with an increasing rate of 71.1% compared to the same period in 2019. The sorted amount of hazardous waste was 3.3 t/d with 11.2 times increase. The sorted amount of wet waste (i.e. biodegradable food waste) was 9632.1 t/d with a growth rate of 38.5%. The sorted amount of dry waste disposal was 15,518.2 t/d with a reduced rate of 19.8%. These statistical data indicate that the segregation and recycling effect grown significantly from 2019 to 2020.Fig. 4The changes in the waste amount in Shanghai in mid-June 2020 compared to June 2019.Fig. 4Data from [@bb0180].

During the COVID-19 pandemic, although waste segregation and recycling behaviours seemed to be not influenced significantly ([@bb0035]), the well functional waste management system was disrupted to some extent. In March 2020, Shanghai collected 3342 t/d recyclables, disposed 11,693 t/d dry waste and segregated 7394 t/d wet waste ([@bb0035]). Compared to the average daily waste generation in 2019 ([Fig. 5](#f0025){ref-type="fig"} ), the reduction rate of the average daily amount in March 2020 was calculated as 23.2%. A similar waste reduction rate (i.e. about 30%) in major cities of China during disease pandemic was reported by [@bb0085]. But this is not the case in Singapore (i.e. a 3% increase during the circuit breaker period). Although a noticeable reduction in waste was observed in Shanghai, the severe shortage in resources and workforce caused by virus-prevention measures ([@bb0025]) hinder the full implementation of sustainable waste management that introduced and enforced in 2019. This kind of uncertain waste amount reduction during the COVID-19 pandemic would also bring challenges to the incineration system for dry waste and the biodegradable system for wet waste since waste-to-energy systems favour stable waste supply rather than supply with uncertain fluctuations.Fig. 5The changes in the waste amount in Shanghai in March 2020 compared to the average daily amount in 2019.Fig. 5Data from [@bb0035].

Another potential challenge lies in the recovery ability of waste management during the post-disease pandemic. Compared to 2019 (before pandemic) and March 2020 (during the pandemic) as shown in [Fig. 5](#f0025){ref-type="fig"}, the growth rates of the average daily amount in mid-June 2020 are calculated as 8.5% and 29.8%. During the several months after disease pandemic, the consumption behaviours relying on more disposable plastic containers are challenging to change, and the residents\' engagement in waste management is hard to restore due to the panic on disease outbreak ([@bb0035]). Collectively, they could exacerbate the challenge in the recovery ability of waste management.

2.3. The City of Brno in the Czech Republic, part of the European Union {#s0025}
-----------------------------------------------------------------------

The complete Czech Republic (CZ) has a population around 10.7 M inhabitants, the City of Brno around 400,000, and with its residential hub close to 1 M. The CZ is served by just four main incineration plants and Brno Incinerator is a substantial one. ZEVO SAKO with a capacity of 248,000 t/y is the largest incineration plant in the CZ, accounting for 32% of the national capacity. 98% of the mixed municipal waste is processed and could produce more than 50,000 MWh/y of electricity and supplies 1,000,000 GJ of heat to Brno households with capacity reserved. Compared to Singapore, the infection of COVID-19 cases in Brno is relatively less. To date (data by 14 August, published on 17 August 2020), the cumulative cases in the CZ are 18,610, where 613 is from Brno. Despite lower in a number of cases, the pandemic is still having impacts on the waste management practice in Brno, especially when ZEVO SAKO is serving beside Brno also the various mostly surrounding region in the CZ. [Fig. 6](#f0030){ref-type="fig"}a shows the collected waste amount in ZEVO SAKO. The waste amount is generally consistent in 2019 and 2020 without distinct increasing or reducing. However, it is still visible that there is an increase in waste amount during the initial implementation of lockdown (March 2020). The waste amount decreased in April and May 2020 and increased when the restriction measure started to lift. There is a 39% decrease in waste amount when considering the information by another waste service provider ([Fig. 6](#f0030){ref-type="fig"}b). More detail assessment is needed by comparing to the previous years and especially the changes in waste composition in the future. Based on the interview conducted with ZEVO SAKO, the operation of the paper and plastic sorting line stops due to the potential of infection. The other proactive measures which are taken including reduce the number of crews of garbage trucks and complied a replacement shift of the control room.Fig. 6The municipal solid waste amount handled by (a) ZEVO SAKO in 2019 and 2020 and (b) Kaiser Service. (However, there are the other handler companies, FCC, specialising on businesses and industry).Fig. 6

3. Structural changes and the other indirect impacts {#s0030}
====================================================

There have been various studies reported the environmental benefit arises from the lockdown or restriction of human activities due to the COVID-19. The CO~2~ ([@bb0095]), PM2.5 ([@bb0155]) and NOx ([@bb0115]), have been reported as reduced. As highlighted by [@bb2010], the pandemic induced positive and negative outcomes. More studies are needed to fully understand the overall environmental impacts as some could be only temporary. [@bb0060] indicated that a coordinated and balanced strategy for controlling multiple pollutants is needed as a high reduction in primary pollutants could stimulate the formation of secondary pollution. It should also be noted that the environmental impacts from hospitals ([@bb0050]) including the disposal of PPE, test kits and other medical waste as well as the consumption of resources or utility are yet to be accounted comprehensively. [@bb2025] roughly estimated the extra energy and environmental footprints of PPE, testing kits and disinfectants used for COVID-19 fighting, and appealed to the environmental awareness during and after the pandemic. The other impacts of COVID-19 include the energy sector ([@bb0005]) and supply chains or trading networks. The energy demand and price etc. would indirectly affect the feasibility of waste to energy recovery. The PPE supply chain bottlenecks ([@bb0020]) due to the spike in demand, trade restrictions, shortage of materials (distribution of supplier and manufacturing in different countries) could probably attract the attention of policymaker to seek for a future solution, in the post-pandemic period. However, it highly depends on the priority in the post-COVID-19 economy. For example, the implementation of recycling would be more challenging if the incentives for green initiatives are reduced in the post-COVID-19 economy. An issue is that legislations can be politically driven and may be difficult to change. On the contrary, emergency situations can accelerate revisions of flawed regulations.

4. Future outlook {#s0035}
=================

In the early stage of the disease pandemic, researchers have made some preliminary judgements on the COVID-19 influence/impacts on the environment and waste management based on limited data available. [@bb0030] concluded that "the pandemic created a very positive impact on the world environment". However, the result of this presented study suggests the overall impacts are yet to be evaluated and is not as positive as proposed. As an example, in the waste management field, the potential negative impacts are not instantaneous, but it starts to be apparent as the COVID 19 situation starts to have better control. The necessary adaptations arising from the changes of lifestyle in behaviour are yet to be assessed. Despite all the unpleasant aftermath, COVID-19 highlights the shortcoming and the potential improvement in term of responsive to an emergency in the current waste management system. Several outlooks are offered based on the outcomes of this study.i.A longer-term systematic assessment is required to understand the lasting impact on waste management systems and environmental sustainability. This study has provided some insights and current data of three representative regions. A broader scope of regions worldwide can facilitate the correlation study in developing a comprehensive understanding and decision making.ii.A flexible waste treatment design and planning could enhance the rigidness of the waste management system in overcoming a similar crisis or disease outbreak. Mobile, decentralised, smart (e.g. Internet of Things, IoT) and adaptable (different feedstock) treatment approaches are worth more research attention. The crisis could serve as an opportunity to revise and improve the existing waste management system.iii.The consciousness training and psychological reconstruction of residents and managers are important to restore and enhance the engagement of society in waste management in the new norms period or after the COVID-19 pandemic, especially the 10Rs practices for MSW ([@bb0140]) as well as the consciousness and management for plastics ([@bb0090]).

5. Conclusions {#s0040}
==============

The pandemic is still far from the over, and it cannot be sure that the future waves would confront any part of the world or state. What has been a positive experience is that, even when it seems we are still in uncertainty about safe and efficient vaccine development, the world is getting experience how to cope with various related challenges. Approaching the peak of the pandemic, the waste management had not been receiving the priority which is needed to minimise the harmful effect on the environment. Despite facing the same crisis, the situation, challenges, measures, and effectiveness in each place could be diverse. The collected information shows a variable trend on the decreasing or increasing in waste amount. MSW in Shanghai is reduced by 23.2%, but in Singapore, it is increased by 3%. The MSW increment or decrement in Brno (ZEVO SAKO) is not obvious where the increment is 1% by considering the changes in Jan-June. However, the waste amount of another service provider (Kaiser servis, Brno) covering another part of the region and services shows 40% decrement. This short communication has been an attempt to gather even so far short-term experience for helping to progress waste management issues. In the midst of every crisis, lies great opportunity -- Albert Einstein. The crisis could serve as an opportunity to restructure and enhance the robustness of the waste management system if well managed. The MSW amount and management issues reported in this study has been focused on Singapore, Shanghai and Brno. A comprehensive assessment considering wider regions, preferable globally, is needed for a more conclusive understanding towards better management during a similar crisis.
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[^1]: Notes: The statistics are based on the available data published on 17 August 2020; there is a delay due to validation of records.

[^2]: Data from Ministry of Health (MOH), Singapore ([@bb0110]) by 15 August 2020.

[^3]: Data from Shanghai Municipal Health Commission ([@bb0165]) by 15 August 2020.

[^4]: Data from [@bb0105], by 14 August 2020.
